Bhatt an increasing number of researchers, it is crucial to summarise the current progress and the key scientific challenges related to Li-ion batteries from theoretical point of view. Computational prediction of ideal compounds is the focus of several large consortia, and a leading methodology in designing materials and electrolytes optimized for function, including those for Li-ion batteries. In this Perspective, we review the key aspects of Li-ion batteries from theoretical perspectives: the working principles of Li-ion batteries, the cathodes, anodes, and electrolyte solutions that are the current state of the art, and future research directions for advanced Li-ion batteries based on computational materials and electrolyte design.
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Colm O'Dwyer received his BS degree in applied physics and PhD degree in physics from the University of Limerick, Ireland in 1999 and 2003, respectively. After postdoctoral research in nanotechnology and nanolithography using ultracold atoms beams at the University Paul Sabatier, Toulouse, France, he conducted work on nanoelectronics/photonics at Tyndall National Institute, Cork, Ireland. From 2008 to 2012, he was a Science Foundation Ireland Stokes Lecturer on nanomaterials at the University of Limerick. He is currently at the Department of Chemistry, University College Cork and at Tyndall National Institute, leading the Applied Nanoscience Group focused on Li-ion and Li-air batteries, energy storage and conversion, electronic and photonics materials, and nanoscience. due to increased CO 2 emission. Moreover, the increasing demand of energy worldwide is affecting the prices of fossil fuels. These concerns have led to recommendations on the development and use of alternative energy sources such as solar, wind, tidal, and geothermal energy. These energy sources will require electric energy storage solutions. The most convenient energy storage devices are batteries, which provide the portability of stored chemical energy with the ability to deliver this energy as electrical energy with a high conversion efficiency without gaseous exhaust as with fossil fuels. The development of low cost, safe, rechargeable (secondary) batteries of high voltage, capacity, and rate capability are important for large scale uses and smaller device-based requirements. Among the rechargeable battery technologies (Fig. 1   1 ), the current Li-ion battery technology offers the best useable energy and tap density, dominating the worldwide market for mobile electronic devices 2 for decades. Li-ion batteries have minimal (unwanted) side reactions when a Li ion intercalates into or desorbs from the cathode/anode materials. Their energy efficiency may be further enhanced by lowering the internal resistance of the battery, and they exhibit limited self-discharge, and no memory effects that limit energy density after many cycles. Li-ion batteries as a result, receive considerable attention at both fundamental and applied research levels. However, alternative forms of transportation, such as plug-in hybrid electric vehicles (PHEV) and all electric vehicles (EV), require significant improvements in many perspectives such as energy density, safety, cost, and durability. [3] [4] [5] [6] The development of stable novel materials is the key to the success of development of novel and advanced rechargeable batteries. Current research and development has focused on upgrading the energy density of Li-ion batteries. Ideal batteries would possess properties such as long life, light weight, small size, high energy density, safety, low cost, environmental compatibility, and worldwide consumer distribution. However, in real battery options, none yet can fulfil all these challenging requirements. Most practical rechargeable batteries deliver capacities and energy densities far below their theoretical values 7, 8 due to limited utilization efficiency of the active materials that participate in electrochemical reactions. The major reasons for such limitations include effects that result from slow electrode process kinetics with high polarization and low ionic diffusion or electronic conductivity rates, particularly at the electrolyte-electrode interfaces. Material stability issues caused by a low Li content can also impact on its degree of charging. Therefore, the improvement in existing rechargeable battery systems involves exploring key materials and focusing our attention on the atomic, ionic, or molecular diffusion and transport. Charge transfer, the optimization of surface and interface structure, and the regulation of electrochemical reactions within Li-ion systems may pave the way for improved (i) capacity, and energy and power density, (ii) reactivity, reversibility, and structural stability during chargedischarge cycles, (iii) ionic diffusion and electronic transfer at high charge-discharge rate, and (iv) lower cost, increased safety and environmental compatibility. The schematic diagram of the current Li-ion battery based on a carbon based anode (Li x C 6 ), cathode (LiCoO 2 ), liquid electrolyte (LiPF 6 dissolved in a mixture of EC and DMC or equivalent), and separator is shown in Fig. 2 . 9 In the foreseeable future, Li-ion batteries will be the most practical solution to a wide range of electrical energy storage applications. 10 The power and energy density of a Li-ion battery largely depend on the electrode and electrolyte materials. relationship between electric potential referenced to metallic Li and the discharge capacity density of electrode materials that have been studied. 1, [11] [12] [13] [14] The enhancement of current is very important along with the boost of output voltage, for which the internal resistance should be minimum. Fig. 4 14 summarizes the main factors responsible for internal resistance during a discharge process in a Li-ion battery, which includes the resistance due to Li ion transport (discharge) and the electron conduction resistance inside both the electrodes and electrode current collector interface region. Li-ion batteries are the most popular rechargeable batteries, and since the 1970's research efforts have been devoted to understanding and stabilizing the electrochemical performance of a wide variety of active materials for electrodes and electrolytes in rechargeable non-aqueous Li-ion batteries (see Fig. 5 
15
). In Li-ion batteries, LiCoO 2 is widely used as a cathode material, while LiMn 2 O 4 is used for some applications which requires higher level of safety. Its insertion potential is lower and less likely to self-discharge. The majority new cathode materials for Li-ion batteries under research and development are transition metal oxides, which tend to provide lower discharge potential as the electric-capacity density increases. Carbon-based materials (usually graphite) are currently used as anode materials in Li-ion batteries. The other variety of carbon-based materials and pure Li metal are currently proposed as alternate anode materials, but many need further improvement with respect to electrode potential and charge-discharge cycle life concerns. Several options are available for electrolytes such as non-aqueous electrolytes (organic and ionic liquids), gelled electrolytes, and solid organic and inorganic electrolyte materials (see Fig. 5 ). The major electrolytes currently used comprise mixtures of cyclic and linear carbonates. Electrolyte additives such as vinylene and ethylene carbonates or sulfites are also used for some electrolyte solvents to improve cycling performance.
Metal chalcogenides (e.g., TiS and MoS 2 ) and manganese or vanadium oxides have been investigated as the cathode and directed to polyanion-based compounds (LiFePO 4 in particular), which potentially allows for lower cost and high safety.
In this review, we start with a brief introduction to Li-ion battery development together with recent advancements, progress, scientific challenges, and the theoretical development of component materials in Section 1. Section 2 provides a brief summary of key working principles of Li-ion batteries focusing on theoretical data for electrochemical reactions that take place at the electrodes. A summary of recent theoretical progress towards enhancing the performance of intercalation compounds as cathodes is discussed in Section 3. Section 4 focuses on theoretical approaches to achieving high performance anode materials, their current development and hurdles associated with electrolytes used in Li-ion batteries is discussed in Section 5. Finally, Section 6 discusses theoretical investigations into the major scientific challenges in current rechargeable Li-ion batteries and possible future research directions, by exploring new materials electrolytes, structures, compositions and reactions through theoretical modelling. These discussions represent the current understanding of existing Li-ion batteries, and in parallel with many informative reviews on experimental findings, this review concentrates on density functional theory and related methods used to develop a fundamental understanding of electrode reaction mechanisms, which are imperative in gaining critical insights into the rational design of active materials used in Li-ion batteries.
Working principles
When a Li-ion based cell discharges, the Li + ions move from anode (usually graphite) to cathode (usually LiMO 2 , M = transition metal) and reverse occurs on charging as shown in Fig. 6 , 49 facilitated by a Li + -containing salt in the electrolyte. The electrochemical reactions take place in a Li-ion battery are: [50] [51] [52] [53] LiMO 2 $ Li 1Àx MO 2 + xLi + + xe À (at the cathode)
xLi + + xe À + xC 6 # xLiC 6 (at the anode)
The overall cell reaction is:
LiMO 2 + C 6 $ Li 1Àx MO 2 + Li x C 6 (x = 0.5, V B 3.7 volts)
As metallic Li is not present in this cell, Li-ion batteries are chemically less reactive, safer, and offer longer cycle life than rechargeable lithium batteries using Li metal as anodes.
In order to achieve better performance in current rechargeable non-aqueous Li- 
Cathode materials
This section mainly focuses on lithium intercalation electrode materials, i.e. where the reaction that occurs at the cathode material is the intercalation of Li ions into the host during the discharge process (spontaneous process), and deintercalation of Li ions from the host during the charge process (nonspontaneous process). Here, the term intercalation is used to describe the interaction process, whether it be true intercalation into a crystal void (van der Walls space) or between atomic planes, or whether it refers to alloying. The typical cathode materials of Li-ion batteries consist of layered lithium transition metal oxides LiMO 2 (M = Fe, Mn, Co, Ni, Ti, V, etc.), spinel lithium transition metal oxides, polyanion compounds such as phosphates, silicates, fluorophosphates, fluorosilicates, borates, and graphitic materials such as graphene and graphene oxide. In this section, we review the theoretical studies underlying important properties of these cathode materials such as cell voltages, lithium diffusion, defect chemistry, and surface structures, and highlight the current trends in this field. The crystal structure and the voltage-composition profiles of the most relevant cathode materials for Li-ion batteries are shown in Fig. 8 . 54 Researchers have full control in designing and classifying new and potential electrode materials that can be explored in detail by DFT methods, since composition and structure are entered as independent variables before they are experimentally prepared, and computations can help guide experiments. In order to design new materials a usual starting point is to analyse the effect of composition modifications for a given structural type, which can be achieved by computation as compared to experiments. Polymorphism in many host compounds is typically of rhombohedral symmetry (R% 3m) with a-NaFeO 2 structure as shown in Fig. 9 . 78 Li + ions can be inserted into and removed from this structure leaving vacancies in lithiated layers. 79 As Li intercalates into the cathode as positive ion, it is assumed that the compensating electron reduces the metal ion. Ceder et al. [97] [98] [99] [100] provided the two lowest energy states as shown in Fig. 10 . 101 The authors calculated the intercalation potential and Li-site occupancies using both GGA and GGA + U approaches within the flower-like structure as a function of Li as shown in Fig. 11 .
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The authors also investigated the phase transformations of layered LiMn 0.5 Ni 0.5 O 2 at finite temperatures and found the two phase transition temperatures at approximately 550 1C and 620 1C. Their simulation results showed that the Li ions that were part of the flower-like tetrahedral sites early in the charge cycle, then became occupied by Li as tetrahedral Li required high potential to be removed and thus lowering effectively the attainable capacity of the material at practical voltage intervals. As shown in Fig. 11(b) , a partially disordered flower-like structure with about 8 to 11% Li-Ni interlayer mixing was found. Such simulation results may help in explaining many of the experimental results for LiMn 0.5 Ni 0.5 O 2 with and without Li-Ni disorder. Xu et al. 103 reported that transition metal migrations mainly occur on the surface layers, thus leading to a surface phase transformation to defect-spinel and large irreversible capacity. Recently, researchers have extended their research to multi-doped materials those with gradient core-shell-surface structures and variable transition metal concentrations, and this research direction is cited as being useful to enhanced thermal stability. 104 DFT calculations clearly showed that Mn should ideally be rich at the surface and Ni should be rich in the bulk material to achieve a high energy density. Moreover, there is an increase in electronic charge that is transferred to the anionic band when Li intercalates the MO 2 host, with an increase in electron affinity and number of d electrons. The important role of anions can be explained in terms of the charge transfer to the anion that occurs upon Li intercalation. In layered transition metal oxides, more charge is transferred to the oxide ions than to the metal ions. Early DFT studies included new materials such as Li across the 3d transition metal series (M = Ti, V, Cr, Mn, Fe, Co, and Ni) in both lithiated (x = 1) and delithiated (x = 0) conditions. They found that for all lithiated spinels, the normal structure is preferred regardless of the metal; the normal structure for all oxides under consideration was found to have a lower size mismatch between octahedral cations compared to the inverse structure, and with delithiation, many of the oxides undergo a change in stability with vanadium in particular showing a tendency to occupy tetrahedral sites. The authors also calculated the average voltage values of lithiation for these spinels. Lastly, they observed that all the normal spinel oxides of the 3d transition metal series have a driving force for a transformation to the non-spinel structure upon delithiation. for x = 0.05 to 0.1, which is responsible for the increase in first cycle discharge capacity for x = 0.05 and 0. Larsson et al. 200 and Dompablo et al. 201 both reported that the main drawback of this family of cathode materials is a strong driving force for the transition metal (M) ions to change their coordination together with randomized Li-site and M-site occupations upon Li extraction. It is difficult to obtain idealized two-step Li ion intercalation/deintercalation as well as changes in Li diffusion pathways because of structure transformation as stated in Armstrong et al. 202 The authors used a combination of both experimental and theoretical methods to demonstrate that it is important to implement structure modification corresponding to the identified pathways to reduce the activation barrier. The authors found small volume changes of Li x MBO 3 (M = Mn, Fe, and Co) with delithiation and these changes might facilitate intercalation or deintercalation with high reversibility. Their calculated DOS (see Fig. 19 223 ) showed that Li x MBO 3 can be polaronic conductors similar to olivine phosphates. In addition, they found that the high probability of antisite defects of Li x MBO 3 may be disadvantageous for high power capability. As LiMBO 3 are promising cathode materials in Li-ion batteries, more theoretical work based on DFT methods should be devoted to address the current challenges in LiMBO 3 cathode materials. Conclusively, DFT calculations could provide the following information about Li-ion battery cathode materials: (i) rate capacity can be known by calculating Li diffusion pathways and corresponding activation energies, (ii) the reaction mechanism can interpreted by calculating the phase diagrams and lithiated/ delithiated voltage profiles, and (iii) cyclability can be predicted by calculating structural stability before and after Li intercalation. In addition, surface and interface chemical reactions and the processes that occur in electrolytes can also be assessed in exquisite detail. As such, DFT calculations have the potential to provide detailed understanding on major drawbacks of some cathode materials and predict possible mitigating solutions while filtering new materials.
Anode materials
To date, graphite-based anode materials are widely used in commercial Li-ion batteries due to their advantages of a long cycle life, low cost, and abundance. However, these materials have disadvantages such as (relatively) low gravimetric and volumetric specific capacity (approx. 372 mA h g À1 and 833 mA h cm À3 respectively). 224 The development of new anode materials for reactions inside the cell, and volume expansion problems limit the practical applications of these new materials. Therefore, in order to explore their properties, more theoretical investigations based on DFT methods are now devoted to these new anode materials in order to understand reversible (de)alloying behavior and to predict metal-metalloid alloys that may improve capacity and rate performance as anodes for Li-ion batteries.
Graphene
Challenges arose for graphite anodes in Li-ion batteries from continuous formation of a solid electrolyte interface (SEI), which results from poor interfacial properties. In order to improve the Li intercalation and interfacial characteristics during operation, graphene was considered as an alternative anode material [230] [231] [232] in Li-ion batteries due to its high surface area, high electrical conductivity and robust mechanical integrity. The high capacity of about 540 mA h g À1 was reported for graphene compared to graphite anode. 233 As the diffusion time of Li + ions is directly proportional to the square of the diffusion length, the current rates can be enhanced due to reduced dimensions of graphene. 234 The success of both the applications of graphene as anode material or artificial SEI layer strongly depends on the rate of Li diffusion, through and along the graphene sheet. However, there is still a lot of confusion as to why this benefit exists since mixed composites of graphite and graphene are nominally similar save for their preparation i.e., exfoliation of the graphitic sheets within the composite. Accessing intercalation sites should thus be possible with graphite if graphene-like chemo-mechanical exfoliation techniques are used to render these potential sites more accessible, even within the polymer-containing composite matrix material. Graphene is a single layer of graphite and can be considered as a promising material as Li-battery anode material due to its unusual electronic, 235, 236 253 have investigated Li diffusion in graphene and quasi-1D graphene nanoribbons, and found that the presence of zigzag and armchair edges affects both Li adsorption and Li diffusion. Li tends to migrate to the edges of graphene for lower energy barriers as shown in Fig. 20 . 253 Their calculated results showed that narrower graphene nanoribbons are promising Li-ion battery anode materials in agreement with experimental results. 246 As there is lack of theoretical investigations based on DFT methods on graphene (single and bilayers, nitrogen and boron doped, nanoribbons and nanosheets) as anode materials in Li-ion batteries, further investigations are still needed to fully understand the lithium storage mechanism.
Li-M (M = Si, Ge, Sn) alloys
Lithium can form well-defined intermetallic phases (Li x M) with numerous metals M (M = Mg, Ca, Al, Si, Ge, Sn, Pb, As, Sb, Bi, Pt, Ag, Au, Zn, Cd, Hg, etc.) at room temperature if the metal is polarized to a sufficiently negative potential in a Li + ion containing organic electrolyte solvent. 254 Li-M alloys possess the higher energy storage capacity due to their safe thermodynamic potential. However, these materials have poor cyclability due to the larger volume change during lithiation-delithiation process, for an instance, up to 400% for Si, 370% for Ge, and 300% for Sn. [260] [261] [262] In order to overcome these problems, one of the successful strategies for designing alloy anodes for Li-ion batteries is to synthesize them into nanoparticles or nanotubes or nanowires. 255, The reason is that nano-electrodes possess high surface to volume ratio, which enhances the battery performance. The energetics and kinetics of Li insertion/ extraction in nano-electrode surfaces can be understood better by availing of DFT calculations probe the effects of Li ion transport inside the cell. It is well known that Si has the highest specific capacity compared to Ge and Sn, so it is a primary 294 performed DFT calculations to investigate the structure, stability, Li diffusion, Li-Li interaction, and influence on host lattice M (M = Si, Ge, and Sn). The authors computed the structure, energetics, electronic, and mechanical properties of Li-M alloys, and analyzed structural parameters in terms of Li content for both crystalline and amorphous phases. They further and estimated the relative stabilities of the alloy based on their mixing enthalpies. The authors also analyzed the bulk modulus and elastic constants of alloys to determine the relationship between the structural and mechanical properties. Such investigation supports the understanding of the nature of 290, 291, 293, 296 signifying that the bulk modulus of Li-Si alloy strongly depends on Li intercalation and shows significant decrease with increase in Li fraction. For Li diffusion inside Si nanowires, the Li surface diffusion has a much higher chance to occur than surface-to-core diffusion (see Fig. 21 
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). In Si nanostructures, Li prefers to reside in the interstitial tetrahedral sites at the core and the migration is mediated by the hexagonal sites as saddle points as shown in Fig. 22 . (100) and (111) surfaces of Ge and Sn by considering thick 14-layer slab models for the surfaces. The authors found 4 and 12Â faster Li diffusion in Ge and Sn respectively, along the h100i direction compared to diffusion along the h111i direction. Some retardation of fast Li transport was observed at the Sn surfaces, but negligible in case of Ge surfaces. The rate-limiting step in Sn may be the subsurface diffusion in both (100) and (111) surfaces. Their calculated results suggest that the Li transport efficiency remains unchanged in the Ge electrode regardless the size of the electrode, but Li transport in the Sn electrode becomes worse due to the surface retardation effect as surface/volume ratio increases for the Sn electrode. Excessive volume change is big challenge for alloy anodes in Li-ion batteries. In order to tackle such issues, scientists have developed alloy materials on the nanoscale. Chan and Chelikowsky performed ab initio calculations to discuss Li diffusion in Si nanostructures 298 and found that Li diffusion barrier is ultimately affected by nanocrystal size. The diffusion barrier of Li + ions moving into the core is lower than that moving towards the surface, indicating the fact that charging of Si nanostructures is easier than discharging, as in case of Si nanowires due to high surface/volume ratio. 301 In actuality, surface sites, specifically (110) on Si nanowires, were found to be energetically more stable than the core and intermediate sites. 302 Thus, the Li binding energy gradually increases to bulk values with the increase in the diameter of Si nanowire. Previous DFT investigations reported that Ge and Sn have the same problems as Si. Li-Sn system was investigated by using both experimental and DFT methods. 303 Kumar et al.
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proposed that Sn can be filled into carbon nanotubes to overcome the issue of volume expansion by benefiting from elastic deformation accommodation offered by the carbon. The DFT investigations have been accomplished for modified morphologies of C, Si, and Sn such as core-shell structures, nanowires, and nanotubes to improve the electrochemical and mechanical properties as promising new anode materials. 320 since these are used in many applications. 321 Many experimental and theoretical investigations showed that TiO 2 has great potential to achieve better performance as a Li-ion battery anode [322] [323] [324] [325] [326] [327] because it acquires minimal volume expansion 325, 328 and thus it is in principle, safer than graphite.
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The Li insertion into TiO 2 can be accompanied by phase transitions. [330] [331] [332] In actuality, Li insertion into TiO 2 at room temperature It was observed that conductivity depends upon factors such as Li concentration, size of nanoparticle, crystallographic direction, and titania polymorph in case of TiO 2 nanoparticles. 337, 338 However, the original rutile and anatase structures of TiO 2 yield lithium titanate during Li insertion with many polymorph symmetries such as hexagonal, monoclinic, cubic spinel, and cubic rocksalt. [339] [340] [341] [342] The anatase TiO 2 was found to be more energetically stable than rutile for Li insertion. 339 Li intercalation into anatase TiO 2 has been studied using both experimental and theoretical techniques. 
TiO 2 (B) is suggested to be an active anode material due to its unique crystal structure. It has the lowest density and a perovskitelike layered structure unlike other polymorphs of TiO 2 , allowing faster Li + diffusion. The mechanism facilitating high rate capabilities is still a subject of debate. 345, 346 The high surface areas and unique surface energetics have been found to be the key factors in explaining the high capacity and rates for TiO 2 (B) nanostructures. 347 There are three possible Li intercalation sites as labelled by C, A1, and A2 in Fig. 24 . 348 Moreover, previous studies regarding the doping of TiO 2 with Zr reported its effect on the transformation of anatase TiO 2 into rutile and on the photocatalytic activity of doped anatase [349] [350] [351] due to the fact that Zr 4+ ions can be easily incorporated into the anatase lattice by substituting on the Ti side as Zr 4+ ions are isovalent with Ti 4+ ions.
Finally, many key issues are still unclear for transition metal oxides as Li-ion battery anode materials, and DFT studies could be used effectively to provide insight into the factors that affect the changes in the intercalation potential of transition metal oxides and a meaningful understanding of the relationship between structure and properties to optimize the electrochemical performance of anode materials. Therefore, new novel oxide materials as well as new computational methodologies including DFT are required in the future.
Carbon nanotubes (CNTs)
It is well known that graphite has been widely used as anode material due to its high electronic conductivity as a consequence of the delocalized p-bonds as well as its appropriate structure for Li + ion intercalation and diffusion. 352 However, Zhao et al. 361 
also reported that boron-or nitrogen-doping
CNTs anodes could improve their performance. Nitrogen has one extra electron and boron is an electron-deficient compared with carbon in carbon-based materials. Therefore, doping of these two elements may cause different Li adsorption and different charge distributions. Accordingly, Li storage capacity of CNTs is directly related to their electronic structure. Mukhopadhyay et al. 380 proposed that B-doped MWCNTs have greater Li storage capacity due to higher specific area, larger defect concentration, and higher conductivity. However, due to negative effects on Li adsorption caused by electron rich structure, N-doped CNTs may not be appropriate Li-battery anode materials. [304] [305] [306] Li et al. 381 proposed one electron deficient pyridine-like CNTs in place of N-doped CNTs due to their low diffusion barrier (1.44 eV) compared to pristine CNTs with an enneagon (nonagon) hole. 382 Such pyridine-like CNTs have large adsorption energies and high irreversible capacities in practical applications, since Li is adsorbed at the site of pyridine-like structure. The structure of various single-walled nanotubes with defects is shown in Fig. 25 . 382 Finally, there remains a lack of clear understanding regarding the Li storage capacity of CNTs. This is in part caused by issues related to inaccurate weighing of the active materials, capacity calculation based on only the CNT portion of the complete anode, and more succinct differences caused by purity differences in the CNT product used between various labs. These issues of course arise in complex material mixtures of many forms and compositions in Li-ion battery research. Therefore, more theoretical research based on DFT methods can help understand whether such large variations are due to the very nature of the material itself, so as to help deconvolute View Article Online the response of the materials from the response of the electrode formation in some systems.
Li-carboxylates
Carboxylates have been reported to be better anode materials in Li-ion batteries with respect to their observed thermal stability, rate capability, and high cyclability. The operating voltages of these anodes are found to be slightly larger than those of graphite or Li metal, thus avoiding SEI formation and solvent breakdown. Such carboxylates can also be used in Li-air batteries due to their redox potentials, Li + ion transport, and stability properties. These carboxylates are expected to form ordered organic crystals. Some DFT methods are limited in describing the long range interactions in molecular crystals in the sense that the prediction of structure, relative energies, and relevant energy storage properties such polymorphs is quite difficult.
54,163
Burkhardt et al. 258 performed DFT calculations for a set of 12 known crystalline organic Li-ion electrode materials based on carboxylates. The authors made a comparison of two carboxylate molecular crystals based on molecular length, carboxylate location and p-electron topology. In addition, they compared the computed properties of novel materials such as formal reduction potential, Li + binding energy, solvation energy, and reaction indices, which can then be used to make general conclusions about relevant organic anode properties such as redox tuning/anode potential, solubility, and stability. In this literature, two carboxylates (see Fig. 26 258 ) were examined by authors in detail to develop a generalized approach for computing approximate redox potentials from the test set of 12 molecules. The authors found several structural observations such as their planarity upon reduction and maximum coordination of Li + with oxygen atoms as shown in Fig. 27 .
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The correlation between calculated and experimental potentials was found to be quite good in all cases, when they considered the contribution of experimental galvanostatic discharge data for cell internal resistance and/or sluggish kinetics. The coordination by multiple carboxylate functionalities in the crystalline state may stabilize the reduced form and these effects were not observed in lower dimensional calculations. Electronic interactions (p-p* stacking) within the crystal may enhance charge delocalization, shifting the reduction potential to more positive values. In such a case, more DFT studies are required to provide a clearer description of these materials by modelling the reduction processes of p-stacked carboxylate dimers. The predicted reductions in this article spanned a potential range between 0.6 V and 1.6 V vs. Li/Li + as shown in Fig. 28 .
Compared to graphitic carbon anodes, organic anode materials are found to be more competitive in terms of capacity/energy density in the quest to develop sustainable and inexpensive secondary Li-ion battery anode materials for widespread deployment, by assuming that at least one 2-electron reduction is possible. As solubility is a major consideration for energy storage materials in the case of electrolyte-solvent systems, the dissolution of neutral salt electrode material can be an important issue addressable by considering the molecular nature of these active materials. Therefore, calculated solvation energies for a subset of dissociated anions in a variety of solvents with properties relevant to electrical energy storage applications were determined. Moreover, carboxylic acids have a rich chemistry since carboxylic groups may dehydrate to anhydrides, carboxylic acids can be oxidatively decarboxylated, and reduction can cause their dimerization and subsequent degradation. [383] [384] [385] [386] [387] [388] Finally, carboxylate anodes may be good choice for anode materials in Li-ion batteries and even in Li-air batteries. Some issues related to their crystal structures and lithiation mechanisms are still unanswered.
Conclusively, DFT calculations are found to be useful for exploring new anode materials. However, it is well known that DFT fails to describe long range van der Waals interactions correctly in all cases (with some exceptions namely vdW-DF2), so the computational investigation of traditional graphite material in Li-ion batteries can be difficult. Using nudged elastic band methods and Monte Carlo simulations, Li + diffusion in graphite can be examined. Solid electrolyte interface (SEI) film formation is a very important factor that would affect the performance of Li-ion battery anode materials, which is also related to the safety issues and the reversible capacity of anode materials.
Regarding the complexity of SEI films, it is quite difficult to be simulated through computational methods and significant effort is still needed to improve the accuracy and predictive power of the calculations, and the true nature of the SEI film formation process. 
Electrolyte (solvent and salt) materials
The electrolyte is currently the primary obstacle to progress in next-generation Li-ion batteries, often because of unwanted side reactions that in some cases become exacerbated by reactive nanoscale materials. Understanding, controlling and hence eliminating side reactions is a significant task. Currently, the applied electrolytes in non-aqueous Li- EC and PC exhibit a large permittivity due to their relatively high polarity, but they are very viscous due to strong intermolecular interactions. On the other hand, DMC and DEC have a low permittivity and a low viscosity due to their molecular structure giving a large degree of freedom of the molecule. Alkylcarbonate solvents such as EC form a stable passivating SEI film required for reversible Li intercalation at the graphite electrode at low voltages. Electrolytes for Li-ion batteries mostly constitute of mixture of solvents with high permittivity (for example, EC) and low viscosity (DMC or DEC) in order to simultaneously promote ionic dissociation and ion mobility.
Ethers were also studied as solvents for Li-ion batteries to replace PC due to their low viscosity and low melting point. These solvents seem to be less interesting due to an oxidation potential less than 4 V, especially with traditional cathodes in Li-ion batteries. Electrolytes containing g-butyrolactone or g-valerolactone are very promising due to their large electrochemical window, high flash point, high boiling point, low vapour pressure and high conductivity at low temperatures in spite of moderate permittivity and absolute viscosity of 1.75 cP at 25 1C. Sulfones such as ethylmethylsulfone, methoxy-methylsulfone or tetramethylsulfone are good candidates for high voltage electrolytes as their electrochemical stability in the presence of LiPF 6 remains good up to 5 V versus Li/Li + on a Pt electrode. [394] [395] [396] However, these solvents can not be used with graphite electrodes as they do not form SEI film onto the graphite surface. Solid electrolytes represent one of the most promising candidates, as they potentially allow the construction of lighter and safer all solid-state batteries with design flexibility in the shape and size. Solid electrolytes are classified as gelled (or wet) polymers, solvent free polymers, inorganic crystalline compounds, and inorganic glasses. 402 Polymer electrolytes can serve as both electrolytes and separators between the anode and cathode, are of peculiar interest. Significant attention has been focused on poly(ethylene oxide) (PEO) and related polymers that are blended with Li salts. However, PEO-based electrolytes have poor low-temperature conductivity because the segmental chain motion required for ion transport quickly diminishes upon cooling below the glass transition temperature. In addition to PEO-related electrolytes, poly(vinylidene fluoride) (PVDF)-based polymer electrolytes are also attractive candidates with ionic conductivities up to 0.1 S m À1 at room temperature.
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When TiO 2 or Al 2 O 3 nanoparticles as solid plasticizers in PEO, a solid state polymer electrolyte has been developed. 409 The conductivity of these electrolytes increased and the crystallization was prevented. Li-ion doped plastic crystalline matrices are stable over a potential of 5 V and very attractive for battery applications in combination of possible structural vibrations of plastic crystal matrices and conductivities. 410 Numerous additives can be added to the electrolyte to improve the performance of Li-ion batteries by influencing intercalation SEI formation at anode surfaces and the properties of the electrolyte as a function of operating conditions, among other reasons. However, the use of such additives can be responsible for deleterious effects if they are used at high concentration in some solvents or if they chemically interact with other compounds. The microscopic mechanism responsible for the reductive decomposition and subsequent growth of the SEI is unclear because of the difficulty in situ observation of the electrode-electrolyte interface in the Li-ion batteries. Additives to the electrolytes have large impact on the SEI formation mechanism and its performance. For example, addition of vinylene carbonate (VC) up to 5-10% to the ethylene carbonate (EC) solvent significantly improves the irreversible capacity at the first charging and the cycle life of Li-ion polymer cells. [417] [418] [419] A proposed mechanism is that VC additives are sacrificially reduced and decomposed on behalf of EC and form the oligomer structures, leading to the improved SEI. 417, 420 It is well known that EC has been widely used as a solvent of commercial Li-ion batteries using carbonaceous materials (e.g. graphite) as anodes. However, due to high viscosity and high melting point (B36 1C) of EC, a certain amount of linear carbonates such as DMC or DEC that have much lower viscosities and lower melting points can be added to EC-based electrolytes for better low temperature response. Therefore, the performance of Li-ion batteries may differ depending on the type of co-solvents. Previous studies reported that EC decomposes in a battery solvent of EC/DMC or EC/DEC binary mixture to contribute to the SEI film formation, and DMC or DEC mainly improves viscosity and conductivity.
It was reported in experiments that the oxidation potential of PC decreases in the presence of electrolyte salts. 421 In order to understand how and why anions affect the oxidation stability of a solvent, the initial oxidation reactions of isolated PF 6 À , BF 4 À , and ClO 4 À ions were investigated in Wang et al. 422 and the authors found that the oxidation stability of lithium salts is in the order LiPF 6 4 LiBF 4 4 LiClO 4 . 404, 423, 424 Therefore, the influence of the anion and surrounding solvent must be taken into account in modelling when considering the oxidation reaction on the electrode surfaces in Li-ion cells. In literature, LiClO 4 , LiAsF 6 , LiBF 4 , LiTFSI, LiTf, and LiPF 6 are the most studied and commercialized salts.
Organic carbonates
Organic carbonates are widely used as solvents in state-of-theart rechargeable Li-ion batteries as a result of their high oxidation potential (high stability) and relatively low viscosity (low activation barrier for Li diffusion). 392 4 or LiAsF 6 dissolved in organic solvent (EC or PC or DMC). The mixture of two or more electrolytes has been found to be more convenient 435 due to the fact that it allows optimization of salient features such as viscosity, chemical stability, ionic diffusion, ionic transport, salt dissociation, dielectric constants etc., leading to enhanced performance and stability in Li-ion batteries under various operating conditions. The transport of Li + ions in electrolyte is important for understanding the molecular adsorption mechanism. At the same time, the strong influence of Li + ion can affect the structural and dynamic properties of the surrounding electrolytes. It is well known that some organic electrolytes decompose during the first lithium intercalation into graphite to form a SEI film on the graphite anode surface and SEI film largely determines the performance of the graphite anode in rechargeable batteries. 436 Unlike PC, EC does not readily co-intercalate with Li + into graphite anode, but it helps to build the SEI layer near graphite anode that can inhibit further decomposition of solvent molecules on the anode. 1, 437 Because of the relatively high melting point of EC, it can allow products that build up a stable SEI. 438 Therefore, the mixture of linear carbonates such as DMC or DEC with a high content of EC, are widely used in Li-ion batteries 439, 440 due to the fact that the high dielectric permittivity of DMC or DEC combined with low viscosity of EC or PC provides the electrolyte with a high ionic conductivity. The understanding of ionic diffusion mechanisms in the solid phases and the prediction of transport coefficients are of crucial importance in achieving optimal battery designs. 438, 439, 441, 442 In this context, several theoretical and experimental investigations have focused on ionic diffusion process, [443] [444] [445] thermal behaviour, 446 graphite structural changes 447 and side reactions. 439, 443, 448 The influence of SEI film formation on the performance of cathode materials becomes noticeable at elevated temperatures, resulting from pronounced surface-related capacity fading due to the development of higher electrode impedance. Kanamura et al. 449, 450 showed that the electrochemical oxidation processes of organic solvents, such as PC, are influenced by the type of electrolyte salt used. Similarly, Arakawa et al. 451 used GC/MS to investigate the oxidative decomposition products of PC containing different lithium salts and reported the formation of CO 2 , CO, alkanes, and cis-and trans-2-ethyl-4-methyl-1,3-dioxalane on the surface of the cathode. The understanding of the SEI film formed on the cathode surface is essential in the quest to produce Li-ion batteries that can deliver higher levels of energy while maintaining safety. However, there have been relatively fewer studies dedicated to the understanding of this issue. [452] [453] [454] SEI films are primarily composed of LiF, Li 2 O, Li 2 CO G , lithium alkyl-carbonates, and non-conductive polymers. The SEI films are able to transport Li ions, but block electron transfer, and thus play a crucial passivating role in the performance of Li-ion batteries. 423, 436, 455 On other hand, specific electrolyte compositions may also influence the SEI structure and anode performance. For example, enhanced cyclic behaviours of Si electrode have been observed by using fluoroethylene carbonate (FEC). [456] [457] [458] [459] [460] [461] Moreover, the experimental evidence also showed that FECmodified SEI films possess smoother surfaces and low Li + transfer resistance as well. 462 Bhatt et al. 463 studied electronic structures of Li + ion-ethylene carbonate using DFT methods in the gas phase. The authors found that the solvation energy and Mulliken charge of Li 
464
The authors calculated the solvation energy, desolvation energy, electron affinity and charge on Li + solvated by EC and PC as a function of solvation number as shown in Fig. 30(a)-(d) . 464 They calculated Gibb's free energies and heats of formation for the coordination of EC and PC to Li + as shown in Table 1 . 464 From found to be the most stable. However, for DMC, DEC, and EMC, the formation of PF 6 À (S) n=1-3 was not favourable. The optimized structures of PF 6 À (S) complexes (S = EC, PC, DMC, DEC, EMC)
are shown in Fig. 31(a) -(e). 467 The calculated infrared (IR) spectra of Li + (S) and PF 6 À (S) compared to those of S (S = EC, PC, DMC, DEC, EMC) are shown in Fig. 32(a) and (b) . 467 From Fig. 32(b) , it is worth noting that very small change in IR frequency was found for PF 6 À (S) complexes (S = EC, PC, DMC, DEC, EMC).
Further computational investigations 468 performed using DFT investigated the electronic structure of EC in the gas phase together with ab initio molecular dynamics simulations for its liquid phase at T = 450 K to avoid freezing. The authors found that the stability of the primary solvation shell [Li + (EC) 4 ] that contains four strongly bound EC molecules in a tetrahedral arrangement both in gas and liquid phases (see Fig. 33 468 ). The ab initio molecular dynamics simulation provided the diffusion The authors found that the shortening of the original carbonyl C-O bond and a lengthening of the adjacent ethereal C-O bonds of PC, which occurs as a result of oxidation, leads to the formation of acetone radical and CO 2 as primary oxidative decomposition product. Their thermodynamic and kinetic data showed that the major oxidative decomposition products of PC are independent of the type of lithium salt. The decomposition rate constants of PC are strongly affected by the lithium salt type. On the basis of rate constants using transition state theory, the authors found the order of gas volume generation as [PC-
DFT calculations for the reduction decompositions of solvents EC, PC, DMC, DEC, and EMC including a typical electrolyte additive VC both in the gas phase and solution using the polarizable conductor calculation model. In the gas phase, the first electron reduction for the cyclic and linear carbonates was found to be exothermic and endothermic, respectively, while the second electron reduction was exothermic for all compounds. On other hand, in solution, both first and second electron reductions were exothermic for all compounds. 
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Although experimental investigations have revealed many important details of the electrochemical decomposition reactions, there are still some key issues to be elucidated. Quantum chemical calculations can provide a reliable approach to study the reduction reaction pathways. [471] [472] [473] [474] [475] [476] [477] [478] [479] [480] [481] Theoretical studies can accurately predict reaction energies, energy barriers and intermediate structures, which are practically immeasurable by experiments under complex battery operation conditions. Computational results can be used for verifying reaction pathway, checking the feasibility of reaction steps, and eventually finding the kinetically and thermodynamically favourable mechanisms for electrolyte decomposition. Ma et al. 482 proposed complete decomposition mechanisms and other organic solvents in bulk electrolyte solutions in their previous work. [474] [475] [476] In this study, the authors investigated the reductive decomposition mechanisms of EC and FEC in very low-lithiated surfaces modelled with a Si cluster and found that Li + ions are bounded to the Si surface and form adsorption sites for EC/FEC bindings. The Li location in this ultra-low lithiated surface was found to be very different than observed in the Li x S y surfaces. Their study showed that the Si cluster can store either positive or negative charge in the reduction process. However, the charge on the surface/cluster depends on the degree (mole fraction) of lithiation. This study supports the stability of Si cluster rather than Si surface for decomposition of EC and FEC. Moreover, Han et al. 483 Wang et al. 484 performed DFT calculations to study the electroreductive decompositions of PC and VC in Li-ion battery electrolyte solutions using Li + (PC) n (n = 2, 3) and (PC) n Li + (VC) (n = 1, 2) cluster models in order to understand the experimentally observed irreversible capacity of anodes when PC alone is used as a solvent versus the reported reversible capacity found in the presence of small amounts of VC in PC-based electrolyte solutions. Their calculated results indicated that PC solvates Li + more strongly than EC and VC do, which implies that the co-intercalation of PC with Li ion into graphite layers is preferred. However, PC is more difficult to be reduced than EC and VC. On other hand, the reaction kinetics for the reductive decomposition of PC is very similar to that of EC. The authors proposed the graphite intercalation compound (GIC) model, which can also interpret the VC role in PC-based electrolyte solutions. Nevertheless, the stability difference between GIC from PC and PC-VC mixture needs further investigation. Yu et al. 485 applied static and dynamic hybrid functional DFT calculations to study the interactions of 1 and 2 excess electrons with EC liquid and clusters. The excess electron was found to be localized on a single EC molecule in all cases and the EC dimeric radical anion exhibited a reduced barrier associated with the breaking of the ethylene carbon-oxygen covalent bond compared to EC À . In ab initio molecular dynamics simulations of EC À solvated in liquid EC, large fluctuations in the carbonyl surfaces yielded products similar to those predicted using non-hybrid DFT functional. Vollmer et al. 475 performed quantum mechanical calculations based on DFT methods to study the reduction mechanisms of EC, PC and VEC in electrolyte solutions. The authors investigated the direct 2-electron reduction of these species and no barrier to reaction was found for the formation of Li 2 CO 3 and 1,4-butadiene from VEC. In contrast, they found the reaction barrier of 0.5 V for EC and PC. The formation of Li 2 CO 3 when VEC was reduced may explain why it acts as a good passivation agent in Li-ion batteries. Li et al. In EC-PC mixtures, the tendency was for EC to substitute PC in the first solvation shell of the cation, and is consistent with previous experimental studies. Therefore, the effective radius of the complex ion solvent was postulated to be smaller for the EC-PC mixture than in the case of pure PC, leading to higher ionic conductivities. The authors then investigated the potential energy surface for ion pair association of Li + and ClO 4 À ions with a self-consistent polarizable continuum model and found that the minimum corresponding to the ion pair association is shifted toward larger values of the ion-ion separation in solution. Wang et al. 486 performed DFT calculations to study the associations of lithium alkyl (vinylene, divinylene, ethylene, and propylene) dicarbonates, resulting from the reductive decomposition of organic carbonates and playing a crucial role on the formation of SEI layers in rechargeable Li-ion batteries. The authors found that lithium alkyl dicarbonates can associate through intermolecular OÁ Á ÁLiÁ Á ÁO interactions. For their dimers, the cage-like isomer was found the most stable structure and closed pseudo-planar structures turned out to be the global minima for trimers as well as for tetramers. OÁ Á ÁLiÁ Á ÁO interactions were characterized with atomsin-molecules (AIM) and natural bond overpopulation (NBO) analysis and it was found that LiÁ Á ÁO behave as ionic interactions. It was also found that the partial charges of Li + ions are decreased in the range of 0.04 e to 0.035 e when OÁ Á ÁLiÁ Á ÁO interactions occur or when a Li atom is being shared by more adjacent oxygen atoms, whereas the overall NBO bond orders of Li are considerably increased. The calculated energetics and 
IR spectra of lithium alkyl dicarbonates association indicated that lithium alkyl dicarbonates exist on the anode surface, forming 2D n-mers and even 3D ones rather than monomers.
Ethers
Ethers are attractive electrolyte solvents for Li- 6 , and EMI-TFSI using large cluster models to understand the structure and ion-ion interactions in these ionic liquids. The optimized structures of these ionic liquids are shown in Fig. 37(a) -(c). 497 Moreover, Angenendt et al. 498 performed DFT calculations for triplet species from combinations of ionic liquids and lithium salts due to the fact that the charge, stability and size of the triplets have a large impact on the total ionic conductivity, the Li ion mobility, and also the Li-ion delivery at the electrode. In fact, current Li-ion batteries utilizing ionic liquid electrolytes have lower discharge capacity compared to carbonate-based electrolytes due to their high viscosity and hence inferior wetting of the cathode in some cases. Therefore, further modifications in ionic liquids to optimize their high electrochemical stability as well as lowering their viscosity, may facilitate better wetting and ionic diffusion. Moreover, further computational research work is necessary to fully investigate the mechanisms leading to side-reactions and electrolyte decomposition with ionic liquid electrolytes in Li-ion batteries. Fig. 40 . 505 
Solid state electrolytes

Electrolyte additives
The performance of Li-ion batteries can be improved with the use of the additives in non-aqueous electrolytes by increasing the solubility of phases in the electrolyte due to an increase in the oxidation kinetics and charging rate. In Li- 420, 484 and confirmed the latter is not suitable due to its tendency to co-intercalate into graphite during the first charge process, which leads to the destruction of the graphite structure. Fig. 42 . 522 The IR spectra of Li + (PC) 3 A complex (A = VC, VEC, VES, ES), together with isolated PC and each of the additive molecules, are shown in Fig. 43(a) and (b) respectively. 522 Similarly, the IR spectra of PC with all additives (that includes the increasing amount of PC) are reproduced in Fig. 44 .
522
The theoretical IR vibrational characteristics of PC with and without PC (Fig. 41) ) reduction conditions. Two-electron (2e À ) reduction and attacks of anion radicals on intact molecules were also examined and found that VC additive preferentially reacts with the EC anion radical to suppress the 2e À reduction of EC and enhance the initial SEI formation, contrary to the conventional scenario in which VC additive is sacrificially reduced and its radical oligomerization becomes the source of the SEI. 
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Such findings for electrolyte additives may enhance the development of high capacity and high rate rechargeable Li-ion batteries. However, computational approaches to these issues that focus on predictive discharge and charge reactivity for higher voltage materials and associated electrolytes would be very useful particularly those that do not require the formation of an SEI layer but need to the thermodynamically stable at high overvoltages.
Electrolyte mixtures
It is well known that EC has been proposed a better solvent than PC due to its higher dielectric constant and lower viscosity. These properties enhance the ionic conductivity because they favour salt dissociation and high ionic diffusion rates. The compared IR spectra EC-based binary mixtures are shown in Fig. 46 . 533 From IR spectra, the IR active modes of the solvent showed the significant changes due to the cationsolvent interaction.
Lithium salts
Besides the stability of solvents, another important factor is side reactions occurring due to decomposition of lithium salts used in the electrolytes, 534 which has not been studied in as much detail as the negative and positive electrode materials. The stability of lithium salts plays a crucial role in the cyclability and capacity of Li-ion batteries. If the side reactions due to lithium salts are not electrochemical reactions, it can be quite difficult to accurately assess and understand the voltage-capacity profiles of the discharge-charge processes. Moreover, the interaction between solvent and lithium salts during the discharge-charge of the cells may severely affect the electrochemical performance of Li-ion batteries. LiPF 6 decomposition causes the formation of a thick layer of LiF on the Li 2 It is well known that LiPF 6 has been widely used as an effective electrolyte salt for Li-ion batteries due to its high conductivity. The understanding of the salt decomposition and its process is foremost in controlling the stability of LiPF 6 in electrolyte solutions. Yet the difficulty of probing PF 5 in solution hinders the chemical analysis of the reactions involved in the LiPF 6 decomposition, although several experimental studies on the reactivity of these species have been reported. [538] [539] [540] Fig. 47 . 543 The authors calculated the enthalpy of decomposition using thermodynamic cycle as shown in Fig. 48 . 543 The solvation free energy of each solute as a function of dielectric constant of the solvent obtained by SCRT-DFT calculations is shown in Fig. 49 . 543 The stability of PF 5 stayed virtually unchanged, whereas the other solutes became more stable as the polarity of the solvent increases with the stability increase of LiF being the largest. Moreover, Han et al. 544 investigated a relatively new salt lithium difluoro (oxalate) borate (LiDFOB) as a battery electrolyte usage using DFT methods and provided an insight into the vibrational modes of its Raman spectra to aid in the interpretation of the experimental results. The authors considered the two different forms of anion contact ion pair (CIP) coordination in the (G1) 2 :LiDFOB and (Et-G1) 1.5 :LiDFOB crystalline solvates as shown in Fig. 50 . 544 The stable ion pairs obtained for LiDFOB from DFT calculations are shown in Fig. 51 . 544 Consequently, improved techniques to model the complex properties of liquid electrolytes would further advance the field, as would a better understanding of intercalation dynamics in systems with mixed redox couples. Moreover, modelling conversion reactions that involve large structural modifications remains problematic, despite some progress has achieved in this area. The discovery of appropriate synthesis and optimization routes still presents difficult and often time-intensive challenge task, which computations still only marginally address the key issues.
Future research directions
The practical applications of Li-ion batteries can be viewed as being adequate for some portable electronic devices, but improved capacities, asymmetric charge-discharge rates, increase tap and energy densities, safety and cycle life would be welcome, particularly for low cost materials and electrolytes. Significant challenges still exist for the widespread deployment in EV and related applications. Conventional Li-ion batteries operate at relatively high voltages, maintaining the structural integrity and chemical stability of electrodes upon their continuous exposure to extremely low and high electrochemical potentials vs. Li (or other alkali or transition metals). Continuous cycling of almost all tested materials degrades their operational and calendar life. The dominant non-aqueous electrolytes containing corrosive fluorinated salts such as LiPF 6 and flammable Li-ion batteries are intrinsically unsafe in the charged state with delithiated Li-ion battery cathodes such as Li 1Àx CoO 2 capable of self-discharge under certain conditions. Detailed DFT investigations of lithiation and delithation mechanisms, crystal structure polymorphisms, electronic structure and thermodynamics can screen potential materials for insertion and deinsertion voltages for oxidizable cathodes, and anodes operating at voltages close to metallic lithium (despite the spontaneous formation of a protective solid-electrolyte interphase near the anode) when developed in tandem with electrolyte reactions can postulate options for safer cell chemistries, particularly for emerging alternative rechargeable chemistries. The significant improvements needed for new and existing battery materials can be aided by focused theoretical or computational modelling as powerful methods indispensable to modern materials and energy storage research (Fig. 52) . [547] [548] [549] Computational models can support the exploration of new and existing materials as well as developing better materials through so-called data-driven materials design pioneered by several groups and large scale collaborative projects such as the Materials Project (www.materialsproject.org) as one pertinent example. Computational methods may also identify the role of functional disorder in the crystal structure of over-lithiated battery materials that allows for improved cycling capabilities. Probably one of the most exciting and useful aspects of theoretical materials chemistry, solid state ionics and computational electrochemistry is the screening and identification of the best materials and electrolytes for very new prototypical battery technologies for higher energy density, safer and low cost production for electric vehicles and power grid applications. 163, 545, 550 In Mg-ion batteries, computational methods may reduce the time necessary to reach a similar state of the art currently seen in Li-ion batteries, by working in parallel with experimental developments for a faster technology development in Li-air batteries, 551 Li-sulfur batteries, 552 Na-ion batteries, 553 Na-sulfur batteries, 554 and Mg-ion batteries. 555 Moreover, computations have provided insights into the electrochemical processes occurring at different interfaces in Li-ion batteries. Despite the recent progress of Li-ion batteries and their applications to portable electronic devices, modelling conversion reactions involving large structural changes remains difficult. Therefore, the improved techniques based on theoretical studies should be devoted to model the complex properties of electrolytes and to better understand the Li intercalation kinetics in the thousands of systems experimentally investigated over the decades, particularly those with mixed redox couples and also in scenarios where more than one charge is transferred per redox event, which could yield higher energy densities. 556 Computational identification of the electrochemical properties and crystal structure evolution of these materials, and their response to large ionic radius cations would be extremely useful. The discovery of new materials, appropriate synthesis and optimization routes will be a challenging task, but recent investigations that combine experimental and computational investigations have shed light on a class of Li-ion battery materials that are not the more classically investigated ordered and rock-salt structured oxides and ordered spinels. 73, 74 Ceder et al. examined a class of cathode materials in which Li and transition metals (TMs) share the same sub-lattice in a disordered manner, and benefit from enhanced cation hopping to increase energy density and capacity for rechargeable Li-ion battery oxides. 557 In Fig. 53 , the experimental the computational calculations indicate that in cation-disordered oxides, excess Li excess opens up percolating networks of 0-TM channels in rocksalt-type lithiated TM oxides. These new findings are encouraging since disordered Li-excess rocksalts are proposed to have significant benefits over layered materials including (i) small lattice parameter and thus volume changes during charging/discharging, (ii) homogeneous cation density limits changes in Li mobility often associated with changes in the layered of some metal oxides, and potentially independent of Li concentration. While promising, further investigations will work out the voltage profiles, with the aim of maintaining invariant profile over longer times, which may stem from a reduced Li-Li interaction in spite of a less defined local density of Li active sites in the material. Computational investigations in these systems, and many others, will pave a path for significant advancements in rechargeable battery energy storage solutions.
